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Abstract: Surgical excision followed by histopathological examination is the gold standard
for the diagnosis and staging of melanoma. Reoperations and unnecessary removal of healthy
tissue could be reduced if non-invasive imaging techniques were available for presurgical tumor
delineation. However, no technique has gained widespread clinical use to date due to shallow
imaging depth or the absence of functional imaging capability. Photoacoustic (PA) imaging is a
novel technology that combines the strengths of optical and ultrasound imaging to reveal the
molecular composition of tissue at high resolution. Encouraging results have been obtained from
previous animal and human studies on melanoma, but there is still a lack of clinical data. This
is the largest study of its kind to date, including 52 melanomas and nevi. 3D multiwavelength
PA scanning was performed ex vivo, using 59 excitation wavelengths from 680 nm to 970 nm.
Spectral unmixing over this broad wavelength range, accounting for the absorption of several
tissue chromophores, provided excellent contrast between healthy tissue and tumor. Combining
the results of spectral analysis with spatially resolved information provided a map of the tumor
borders in greater detail than previously reported. The tumor dimensions determined with PA
imaging were strongly correlated with those determined by histopathological examination for
both melanomas and nevi.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Cutaneous melanoma is the most lethal form of skin cancer, and accounts for about 55,500 deaths
worldwide per year [1]. Early-stage melanoma is highly curable, whereas the management of
metastatic melanoma is challenging. Although newer therapies have improved the prognosis, the
survival rates for metastatic melanoma are still poor [2]. Therefore, early and accurate diagnosis
is essential for good treatment and patient survival [3].

The current gold standard for the diagnosis and treatment of melanoma is excisional biopsy
and histopathological examination [4] in which the histomorphological, topographical and
immunohistochemical features are assessed [5]. In cases of large lesions or lesions located in
cosmetically sensitive areas, such as the face, ears, hands, feet and anogenital region, partial
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biopsies are sometimes performed. Several problems are associated with diagnostic biopsies,
including inaccurate histopathological tumor border determination, staging, and misdiagnosis,
resulting in inadequate treatment [6–8].

The diagnostic excision of a skin lesion suspected of being melanoma, is generally performed
with a 2 mm margin. If the lesion is confirmed to be a melanoma, a second, wide local excision is
performed around the site, with a margin width depending on the histopathologically determined
tumor thickness. European guidelines recommend a wide local excision with a 1-cm margin for
melanomas ≤ 2.0 mm thick, while a 2-cm margin is recommended for thicker melanomas [9] A
sentinel lymph node biopsy is recommended for primary melanomas thicker than 1.0 mm [10].

A non-invasive technique capable of determining the dimensions of the melanoma could guide
the diagnostic excision and thereby reduce the need for reoperation and unnecessary removal of
healthy tissue. Several non-invasive methods have been developed for in vivo assessment of skin
tumors. Apart from traditional dermoscopy, other examples are reflectance confocal microscopy,
optical coherence tomography, multiphoton imaging, and high-frequency ultrasound. However,
these methods are either limited by their imaging depth, or lack functional and molecular imaging
capabilities [11,12]. Furthermore, the resolution in primary skin tumor imaging using magnetic
resonance imaging and positron emission tomography is low.

Photoacoustic (PA) imaging is one of the most promising techniques in skin imaging, as it
provides high-resolution 3D images down to a depth of several centimeters [13,14]. Using a
combination of laser light and ultrasound, it takes advantage of the fact that sound scatters two to
three orders of magnitude less than light, which enables optical contrast imaging at far greater
depths than purely optical techniques [15]. In PA imaging, energy from non-ionizing laser
pulses is absorbed by endogenous chromophores (such as melanin, oxygenated and deoxygenated
hemoglobin (HbO2 and HbR), collagen, and water) causing thermoelastic expansion that generates
ultrasonic waves. The ultrasonic waves are then detected and translated into an image. PA
imaging has been used successfully in animal studies to image melanomas in the skin [16–19],
and in 2015, Zhou et al. demonstrated a high accuracy for depths up to 8 mm, and volume in ex
vivo measurements of melanomas in mice [19]. Human studies have included PA detection of
metastatic melanoma in sentinel lymph nodes both ex vivo and in vivo [20–23], and the detection
of circulating melanoma cells [24–26]. However, PA imaging has not yet been approved for
clinical use due to a lack of clinical data. Only five studies have been performed to date describing
the first attempts to image melanoma in human skin [27–31], and these studies were limited in
sample size and spectral information.

In the present study, 3D multiwavelength PA imaging was performed ex vivo on 52 suspected
melanomas from 50 patients. Histopathological examination confirmed that 25 of these were
melanomas, whereas the remaining 27 were nevi. The tumors were delineated using spectral
unmixing at 59 excitation wavelengths, from 680 nm to 970 nm, accounting for multiple
tissue chromophores. The tumor thickness and width were compared to those determined by
histopathological examination.

2. Methods

2.1. Ethics

The experimental protocol for this study was approved by the Ethics Committee at Lund
University, Sweden. The research adhered to the tenets of the Declaration of Helsinki as amended
in 2008. Prior to surgery, all the patients participating in the study were given verbal and written
information about the study, and the voluntary nature of participation. All patients gave their
informed written consent.
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2.2. Patients and lesion characteristics

The patients were recruited from the Department of Dermatology at Skåne University Hospital
in Lund, southern Sweden. The inclusion criteria were age ≥18 years and a suspected primary
melanoma. 50 patients with 52 suspected melanomas were included. Histopathological
examination revealed that 25 were malignant melanomas and 27 were nevi. A summary of the
patient characteristics is given in Table 1.

Table 1. Patient characteristics and histopathological tumor summary

Patient characteristics Melanomas Nevi

n=25 n= 27

Age, mean and range (y) 66, range 38-94 50, range 20-77

N % N %
Sex Female/Male 9/16 36/64 14/13 52/48

Fitzpatrick skin type I/II/III-VI/NA 2/21/1/1 8/84/4/4 3/22/2/0 11/81/7/0

Histopathological tumor summary

Type of melanoma

Lentigo maligna 2 8

Melanoma in situ 9 36

Superficial spreading melanoma 13 52

Nodular melanoma 0 0

Lentigo maligna melanoma 1 4

Grade of dysplasia

No dysplasia 13 48

Low-grade dysplasiaa 9 33

Severe dysplasia 4 15

Special site nevus 1 4

Radical excision Yes/No 24/1 96/4 27/0 100/0

Minimum margin (mm)

< 1.0 2 8 4 15

1.0-2.0 8 32 9 33

2.1-5.0 14 56 13 48

> 5.0 1 4 1 4

Tumor thicknessb (mm)

≤ 1.0 23 92 25 93

1.1-2.0 1 4 2 7

2.1-4.0 1 4 0 0

> 4.0 0 0 0 0

Tumor width (mm)
≤ 5.0 mm 7 28 19 70

> 5.0 mm 18 72 8 30

aIn the group low-grade dysplasia, we included 2 nevi that were graded as moderately dysplastic by the pathologist,
in accordance with the 4th edition of the WHO Classification of Skin Tumours, published in 2018 (32).
bFor melanoma in situ, tumor thickness measurements were only made for comparison with PA, and hence none
of in situ melanomas were invasive. Tumor thickness measurements of melanoma in situ represent the epidermal
thickness and include any benign tumor components beneath the epidermis.

2.3. Photoacoustic imaging

The PA setup for ex vivo imaging of pigmented skin lesions is illustrated in Fig. 1. The suspected
melanomas were excised under local anesthesia by surgeons at the Department of Dermatology
in Lund and placed in an isotonic saline solution before being transported to the Department of
Ophthalmology, Lund. Any hair was cut off from the samples before scanning. The samples
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were then mounted in a 100× 70× 50 mm custom made Plexiglas container using 1-2 Prolene
6-0 sutures (Ethicon, Bridgewater, NJ, USA) on each end of the lesion. A layer of black
ultrasound-attenuating material was placed in the bottom of the container.

Fig. 1. Experimental setup and illustration of the pre-processing of the data for identification
of the PA spectra from the tumor and healthy tissue. (a) The excised lesion was mounted in a
Plexiglas container filled with isotonic saline using sutures and scanned using the PA imaging
system. The PA probe consists of an ultrasound transducer with laser fiberoptic bundles
attached. The lesion is irradiated with pulsed laser light (red arrows) causing thermoelastic
expansion, which in turn generates acoustic waves (yellow arrows) that can be detected by an
ultra-high-frequency ultrasound scanner. (b) The upper image shows the original brightness
scan ultrasound image that includes the signal from the ultrasound gel, the protective plastic,
and the isotonic saline. The lower image shows the signal after these unwanted components
were removed. The insets to the right show the intensity histograms of the ultrasound images
before and after pre-processing, where the sample and the background are clearly separated.
(c) The upper image is a 2D heat map of the average PA absorption spectra for the entire
sample, used to determine the preliminary PA spectra for the healthy tissue and tumor.

PA imaging was performed using a Vevo LAZR-X system (FUJIFILM VisualSonics Inc.,
Toronto, ON, Canada), which combines ultra-high-frequency ultrasound and photoacoustic
linear-array-based multispectral imaging. During PA imaging, diagnostic ultrasound scans are
interleaved with the laser pulses. In this system, an ultrasound transducer and a fiberoptic bundle
are coupled to a 20 Hz tunable laser with a nanosecond pulse duration. The laser wavelength
range used in this study was 680-970 nm. Two planar light beams, located either side of the
ultrasound linear array, illuminate the skin surface.

To mimic a future in vivo setup, a 10 mm thick Aquaflex Ultrasound gel pad (Parker Laboratories
Inc., Fairfield, CT, USA) with protective plastic was used to achieve an adequate distance between
the laser fibers and the skin line. The photoacoustic waves were detected using one of two
linear-array ultrasound transducers from VisualSonics Inc. The first, MX400, was used for
lesions <13 mm wide and has a central frequency of 30 MHz and bandwidth of 22-46 MHz,
providing axial and lateral resolutions of 50 µm and 110 µm, respectively. The second, MX250,
was used for lesions ≥13 mm wide and has a central frequency of 20 MHz and a bandwidth
of 13-24 MHz, providing axial and lateral resolutions of 75 µm and 165 µm, respectively. The
transducer was attached to a linear stepper motor (VisualSonics Inc.) to allow 2D multispectral
images to be collected with 0.5 mm between each step. To prevent motion artifacts caused by
the examiner, the transducer and stepper motor were attached to an adjustable arm (Mounting
Accessory, GCX Corporation, Petaluma, CA, USA).

Prior to each measurement, the pulse fluence at each excitation wavelength was calibrated, and
the signal at each wavelength was then corrected for the difference in photon flux with excitation
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wavelength. Depending on the lesion size, 40-100 2D multispectral images were captured along
each lesion. Each 2D image was captured at 59 excitation wavelengths from 680 to 970 nm,
in steps of 5 nm. Hence, each pixel contained a single spectrum with 59 spectral components.
The entire PA image was 512 pixels wide and 600-700 pixels high. The generation of each
multispectral image took 15 seconds, and the duration of the whole 3D scan varied between 10
and 25 minutes, depending on the size of the sample. After PA imaging, the excised skin samples
were placed in formaldehyde and sent for histopathological examination.

2.4. Laser safety

Safety glasses providing protection in the wavelength range used (LSBGKG-33-BK, Phillips
Safety Products, Middlesex, NJ, USA) were worn by all personnel. The laser radiant exposure
and irradiance, as well as the acoustic mechanical index and intensity used have been described
previously [33].

2.5. Pre-processing of data

Raw data were exported from VisualSonics Vevo LAB 3.1.0 software and imported into MATLAB
R2017b (MathWorks Inc., Natick, MA, USA) where all analysis was performed. Using the 3D
multiwavelength scan, an approach was developed to identify the PA spectra from tumor and
healthy tissue in each sample. Figure 1 provides an overview of the data analysis.

The first step involves pre-processing of the data using the ultrasound images to automatically
remove unwanted signals from the ultrasound gel, protective plastic, and the saline solution. For
this purpose, an intensity histogram (inset on the right of the images in Fig. 1(b)) is generated,
using built-in MATLAB functions, from which a threshold can be set to distinguish the sample
from the background. The Matlab function ‘hist.m’ was used to generate the histogram, but the
number of bins was manually set to 100 to provide better resolution. The weighted average of the
distribution was determined and set as the lower threshold. Any pixel intensity below this value
was defined as belonging to the background. Two-dimensional median filtering was applied with
the function ‘medfilt2.m’, using a bin size of 30× 30 pixels to ensure that smaller pixel regions
within the sample that fell below the threshold value were included as signal, while small regions
outside the sample that were recorded as a signal from the sample were defined as background.

In the second step, a spatially averaged PA spectrum is generated from each 2D image including
all pixels extracted in the first step. Plotting all the PA spectra from each segment together in a
heat map (Fig. 1(c)) shows how the absorption changes across the entire sample, where a clear
increase can be seen in the region of the tumor. An ultrasound image showing the cross-section
of the sample in the scan direction is shown below the spectral heat map, illustrating the structure
of the sample from which the spectra were extracted. The segment exhibiting the highest PA
absorption (indicated by the red arrows) is selected as the preliminary tumor spectrum, and a
segment in which the PA absorption is low (indicated by the black arrows) is selected as the
preliminary healthy tissue spectrum. These two spectra are then refined by localizing the region
of interest in the respective 2D image, to extract an average spectrum from the top layer only. This
refinement step reduces the undesired signal from healthy tissue in the spectrum representing the
tumor. These two PA spectra were used consistently throughout the analysis, unless otherwise
stated.

2.6. Spectral unmixing and tumor mapping

Linear spectral unmixing was used to decompose the measured PA spectrum into a linear
combination of so-called endmember spectra using the following equation:

M =
N∑︂

i=1
aiSi + w
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where M is a vector representing the measured PA spectrum, ai the linear coefficients (or fractional
abundances) of each endmember spectrum Si, and w accounts for spectral noise. Ideally, only the
number of endmember spectra (N) that contribute to the measured spectrum should be included.
However, when an endmember spectrum does not contribute, the factorization simply returns a
value of 0 for the corresponding linear coefficient. Thus, including non-contributing endmember
spectra is redundant, and does not reduce the accuracy of the overall fit.

In this study, spectral unmixing with two sets of endmember spectra was employed: one set
representing known absorption spectra of the tissue chromophores HbO2, HbR, melanin, collagen
and water (34), and the other including the two refined PA spectra representing healthy tissue and
the tumor, as described above. One constraint placed on the spectral unmixing analysis is that
the linear coefficients must be positive, which in practice means that negative absorption is not
possible. This approach is used for the endmember set containing absorption spectra representing
known chromophores to determine the relative contribution of each endmember.

An additional constraint was applied in the spectral unmixing analysis using only the refined
PA spectra for tumor and healthy tissue, namely that the sum of the two linear coefficients must
be 1. Consequently, a value of the linear coefficient representing the tumor endmember spectrum
higher than 0.5 indicates that the measured PA spectrum better resembles the spectrum defined
for the tumor, and a value of the linear coefficient representing the healthy endmember spectrum
higher than 0.5 indicates that the the measured PA spectrum better resembles the spectrum
defined for the healthy tissue. These criteria were then employed in a pixel-by-pixel analysis of
each PA image to not only identify which pixels appear more like the tumor spectrum, but also to
what extent. Each pixel identified as representing the tumor is color-coded and superimposed
on the corresponding gray-scale ultrasound image. This approach was used for all the tumors
analyzed and does not require manually setting an intensity threshold value, thereby making
the analysis more objective. A comparison of this automatic threshold approach and manual
intensity thresholding is shown in Fig. 5.

2.7. Multiwavelength 3D scanning

Multiwavelength 3D scanning was performed over the whole excised lesion, providing a map
of the overall lesion architecture (a representative example is shown in Fig. 4). To obtain
information on tumor cell distribution in the sample, spectral unmixing was performed on the
multiwavelength recordings using the mean absorption spectra for melanoma and healthy tissue,
as described above. The spectrally unmixed 2D images provided complete spatial information,
that could be used to determine the greatest tumor width and thickness, which were compared to
histopathological measurements.

2.8. Histopathological examination

The lesions were sectioned and stained with hematoxylin and eosin and thereafter scanned to
provide digital images using Sectra IDS7 (Sectra AB, Linköping, Sweden). The dimensions of
the lesion were determined by an experienced pathologist (A.P.). Since the histopathological
sections were usually cut perpendicular to the longest side of the lesion, the PA measurements of
tumor width were made along the same plane. In circular lesions, where the sectioning plane
was difficult to identify, we used the greatest PA tumor width for comparison. The International
Collaboration on Cancer Reporting [35] recommends that periadnexal extensions of melanoma
(such as hair follicles and sweat glands) should not be included when measuring melanoma
thickness. Therefore, the tumor thickness determined from the PA image was defined as the
deepest part of the main tumor mass, whereas “tongues” of tumor extending more deeply
were interpreted as periadnexal extensions and not used for correlation measurements. For
thin melanomas within a thicker, benign tumor, we used the thickness of the whole tumor for
comparison.
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2.9. Statistical analysis

The PA signal strength varied from lesion to lesion. Therefore, the relative change in PA
absorption was calculated for each lesion, by dividing the spectra for both tumor and healthy
tissue by the mean spectrum acquired from healthy tissue, and the result is given in arbitrary
units (a.u.). Data are expressed as mean values±SD, and the number of lesions is denoted N.
Statistical analysis was performed using two-way ANOVA to compare the absorption spectra
for the melanomas, nevi, and healthy tissue. Correlation analysis of the tumor width and
thickness obtained from PA imaging and histopathological examination was performed using the
Pearson correlation coefficient (r). A value higher than 0.7 was considered indicative of a strong
correlation, while a value between 0.5 and 0.7 was considered to indicate a moderate correlation.

3. Results

3.1. Spectral signatures of melanomas and nevi

PA imaging enabled non-invasive parallel acquisition of ultrasound and PA images, allowing
anatomical co-localization of spectral and structural information. A significant difference was
seen between the mean spectra from the melanomas and healthy tissue (p< 0.001), as well as
in the nevi, compared to the surrounding healthy tissue (p< 0.0001, Fig. 2). Furthermore, a
significant difference was found between the mean spectra for melanomas and nevi (p= 0.0431).
However, the use of these spectra for differential diagnosis was not within the scope of this study,
and would require subgroup analysis and a larger number of lesions.

Fig. 2. PA absorption spectra obtained from (a) 25 melanomas (red line) and (b) 26 nevi
(yellow line), compared to the surrounding healthy tissue (black line). Data are shown
as mean ± 1 SD. Statistical analysis was performed using two-way ANOVA. Grubb’s test
was performed to identify outliers. One outlier was identified and removed from the nevi
group. A clear difference can be seen between the spectral signatures from healthy tissue
and melanomas (p<0.001) and between healthy tissue and nevi (p<0.0001).

3.2. Spectral unmixing and mapping

Spectral unmixing was used to determine the relative contributions of the five chromophore
spectra: HbO2, HbR, melanin, collagen, and water (a representative example is shown in Fig. 3).
The spectrum acquired from healthy tissue shows the presence of all endmembers, while the
spectrum acquired from melanoma is dominated by melanin, with minor contributions from
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HbO2 and HbR. It is worth noting that there is a lack of collagen in the tumors, reflecting the
presence of melanin-containing melanocytes in the lesions instead of an abundance of collagen.
Spectral unmixing performed on the multiwavelength 3D scans provided a visual representation
of the tumor borders in three dimensions in all lesions. A representative example of spectral
unmixing on a melanoma in situ is shown in Fig. 4.

Fig. 3. Representative example of spectral unmixing of a lentigo maligna melanoma.
Photoacoustic spectra (solid lines) from (a) a melanoma and (b) the surrounding healthy
tissue, to which the linear spectral unmixing model was applied assuming the presence
of endmember absorption spectra from melanin (yellow), HbO2 (red), HbR (blue), and
collagen (green) (water is not shown as the linear coefficient was zero). The fits including
all endmembers are shown as dashed lines. (c) shows a photograph of a melanoma, and
(d) graphs of the fractional abundance of collagen and melanin as a function of distance,
analyzed using repeated 2D PA images from the multiwavelength 3D scan. Each fractional
abundance is normalized to its initial value at distance= 0 mm to demonstrate the relative
increase across the sample. It can be seen that there is an abundance of melanin and a lack
of collagen in the melanoma.

3.3. Tumor thickness measurements

Results from the threshold approach described in the methods section were compared to those
obtained when using single-wavelength PA imaging with manual intensity thresholding (Fig. 5),
showing that the signal used to determine tumor borders varied greatly depending on the level of
the threshold. A good measure of the tumor dimensions can be obtained by tuning the intensity
threshold, although this procedure would be required for every sample examined, as the same
intensity threshold would not be valid for all samples. The tumor thickness and width determined
from PA imaging were compared to those determined by histopathological examination (Fig. 6,
data given in supplementary material), showing a strong correlation for both melanoma and nevi.
One lentigo maligna melanoma was excluded from the comparison of width because PA could
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Fig. 4. Representative example of the results of the examination of a melanoma in situ
with a benign dermal component. From above (a and d), longitudinal section (b and
e), and transverse section (c and f). The left column (a-c) shows photographs and the
histopathological image. The enlarged part of the histopathological image shows the
melanoma in situ (star) and the benign dermal component (arrow). The small purple areas
under the bordered region are hair follicles. Any malignant cells within the follicular
epithelium are part of the in situ component and not included in measurements of tumor
thickness. The right column (d-f) shows the images constructed after spectral unmixing was
applied to the multiwavelength PA images. The information obtained from PA imaging is
indicated by the colored pixels superimposed on the gray-scale ultrasound images. Spectral
unmixing of the PA imaging enabled mapping of the lesion architecture and measurement of
the greatest tumor width (11.1 mm) and thickness including the dermal component (0.6 mm),
which were in good agreement with the values determined from the histopathological images
(width 12.4 mm, and thickness 0.6 mm). Scale bars represent 2 mm.
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not clearly distinguish between the signal from tumor and healthy tissue in the most superficial
part of this lesion, and hence the PA width could not be measured.

Fig. 5. (a) Illustration of manual intensity thresholding in a single-wavelength PA image
(680 nm) where the threshold is successively lowered by 50%. The signal used to determine
the tumor border depends greatly on the intensity threshold, leading to subjectivity on the
part of the examiner. (b) The same sample analyzed by applying spectral unmixing to the
multiwavelength PA image, where the threshold was set automatically. The latter technique
was used to determine the tumor border in the present study.

For thin melanomas and nevi (≤ 1.0 mm in thickness), PA overestimated the thickness slightly
in 16 cases and underestimated the thickness slightly in 2 cases compared to histopathological
measurements. For thick melanomas and nevi (> 1.0 mm), PA underestimated the thickness
slightly in 2 cases. For width measurements, PA overestimated the width in 24 cases and
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Fig. 6. Scatter plots showing the correlation between the tumor thickness and width
measured using PA imaging and histopathological examination for the melanomas (above)
and nevi (below). The Pearson correlation coefficients (r) indicate a strong correlation for
melanoma thickness and width, as well as the nevi thickness, and a moderate correlation for
the nevi width.

underestimated the width in 23 cases. A difference of ± 0.1 mm or less was considered to indicate
good agreement.

4. Discussion

The results of the present study show the ability of PA imaging to map melanomas and nevi ex
vivo non-invasively. To the best of the authors’ knowledge, this is the most extensive study on both
melanomas and nevi, in which detailed spectral analysis was performed. Spectral unmixing over a
broad wavelength range in the 3D recordings enabled pixel-by-pixel analysis to provide complete
spatial information on the tumor borders. The dimensions determined with PA imaging showed a
strong correlation with those determined by histopathological examination for melanomas. In
the case of nevi, the correlation was strong for thickness measurements and moderate for width
measurements. Only a few studies have been published on the accuracy of tumor dimensions
measured using PA imaging in humans [27–30], in which only a small number of lesions were
studied.
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Breathnach et al. measured the thickness of 23 benign pigmented lesions and 6 melanomas
in vivo using PA imaging at 5 excitation wavelengths (680, 700, 750, 850, and 900 nm) for
multiwavelength scans [29]. In a similar study, Park et al. measured the thickness of 5 melanomas
with PA imaging in vivo also using 5 wavelengths (700, 756, 796, 866 and 900), while Kim et al.
used 3 excitation wavelengths (680, 800 and 1064 nm) to measure one in situ human melanoma
ex vivo [28,30]. Finally, Zhou et al. measured the thickness of 10 melanomas ex vivo using 1
wavelength (680 nm) [27]. Given the expected large variation in molecular composition between
lesions, studies are required on larger numbers of patients to determine the clinical relevance
of the results. Furthermore, only a few wavelengths have been used in previous studies, and
the tumor border was defined based on high absorption amplitudes [27,29,30] or on the PA
absorption signal of melanin alone [28,29], despite the opportunity for measurements based on
the distribution of several different chromophores.

4.1. The role of melanin and other chromophores

Melanin, produced by melanocytes in the epidermis, is an endogenous chromophore that absorbs
light strongly in the range 600 to 1000 nm. If melanomas could be distinguished by their melanin
content alone, single-wavelength PA imaging would suffice to provide contrast between the tumor
and healthy tissue. However, keratinocytes and normal melanocytes, as well as macrophages,
also contain melanin, which could lead to an overestimation of tumor dimensions. Another
problem is that amelanotic melanomas, which account for approximately 10% of all invasive
melanomas [36], contain little or no melanin. Also, the melanin content can differ depending
on the melanoma stage [37]. A study on radiotherapy of 84 patients with melanoma revealed
a significant reduction in melanin content, as determined by histopathological examination, in
pT3 and pT4 melanomas, compared to pT1 and pT2 [37]. Furthermore, melanomas exhibit
highly variable histological phenotypes [38), and a measurement technique that can identify
minor deviations in molecular composition between tumor and healthy tissue is thus required to
ensure accurate determination of tumor borders.

We assume that the fractions of HbO2 and HbR are lower in our samples than they would
have been if the same tissue had been examined in vivo, due to blood loss and vasoconstriction.
Outside the cardiovascular system, HbR becomes oxygenated to HbO2 by ambient oxygen [39].
HbO2 will then auto-oxidize to methemoglobin due to the denaturation of recycling enzymes,
and later to hemi- and hemochromes [40]. However, little is known about the transitions between
different Hb derivatives ex vivo [39]. A forensic study on dry blood stains has shown that the
fraction of HbO2 decreases with time, but is still >60% of the initial dry state value for the first 24
hours [41], which could explain our finding of HbO2 in the freshly excised sample (Fig. 3(a-b)).

A lentigo malignant melanoma was presented in Fig. 3 as an example of spectral unmixing.
In general, we would expect a larger fraction of Hb in melanomas than in healthy tissue, but in
this sample the Hb fraction was similar in the two. The reason for this is not known, but since
capillaries are not uniformly distributed within a melanoma, the chosen region of interest could
have contained less capillaries than other parts of the tumor. We did not choose other regions of
interest for spectral unmixing of known chromophores to avoid user bias. Instead, we used the
same approach for all samples when choosing the region of interest, as described in the methods
section (pre-processing of data).

In the present study, 59 wavelengths were used over a broad spectral range (680-970 nm),
which provided more detailed absorption spectra than in previous studies [28–30]. The use of
more excitation wavelengths allows for a more robust analysis when determining the distribution
of chromophores, as well as the identification of multiple chromophores with distinct spectral
features. Unlike previous studies, we used several chromophore spectra representing different
light-absorbing tissue components in our spectral analysis. Melanin is the strongest absorber in
both melanoma and nevi, but to better determine the contribution of melanin to the PA signal it
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is important to distinguish it from the absorption of HbO2, HbR, collagen, and water. In this
study, we showed that collagen absorption was clearly reduced at the location of a melanoma,
which improved the contrast between healthy tissue and tumor. To the best of our knowledge,
no previous study has used collagen absorption in the spectral unmixing of skin tumors. In
future delineation of tumors in vivo, we suggest that the absorption of HbO2 and HbR should
be included in the analysis, as this may reveal tumor specific vasculature which could affect the
accuracy in determining the melanin concentration.

4.2. Impact of intensity threshold

Breathnach et al. suggested that information obtained directly from a single-wavelength PA image
could provide similar contrast between tumor and healthy tissue to that obtained when employing
spectral unmixing [29]. Given that absorption across a broad spectral range should increase,
single-wavelength PA imaging may suffice. However, we have demonstrated that this approach is
too subjective, and ultimately depends on the intensity threshold set by the user to define whether
the absorption signal is indicative of tumor or healthy cells. We have demonstrated that spectral
unmixing of multiwavelength PA scans allows for a more unbiased determination of the intensity
threshold used to distinguish between tumor and healthy tissue. This thresholding approach in
analyzing PA images may even make the measurement of tumor dimensions more objective than
histopathological analysis, in which fewer sections are analyzed and thicker or wider parts of the
tumor might be missed.

4.3. Scanning time

In this study, one multiwavelength scan took 10 to 25 minutes, depending on the sample size.
The reason for this long scanning time was the number of wavelengths used, and the fact that we
scanned the samples from edge to edge. The scanning time could be reduced by using fewer
wavelengths and scanning a smaller distance along the sample. In the clinical setting, it may
be more practical to identify the individual tumor spectrum, and then choose 5 wavelengths
from this spectrum for the multiwavelength 3D scan. A multiwavelength scan would then take
approximately 30 seconds per centimeter of sample scanned.

4.4. Tumor dimensions

One limitation of this study was that most tumors (48 out of 52) were ≤ 1.0 mm thick. De-
termination of tumor thickness may be problematic using PA imaging as light is attenuated
more with increasing tissue depth, and the attenuation depends on the tissue type [42]. Hence,
the optical fluence (energy deposition) is not uniform within the tissue, which could further
affect image reconstruction [43]. This phenomenon is called “spectral coloring” and occurs as
incident photons successively penetrate deeper into tissue and experience wavelength-dependent
absorption in different tissue layers [44]. Thus, PA spectra and measurements obtained from
deeper tissue layers should be interpreted with caution.

Tzoumas et al. [45] presented a post-processing approach in which spectral coloring was taken
into account and reduced the error in the estimation of oxygen saturation in human tissue by
17% at depths down to 1 cm. Bulsink et al. [46] presented similar findings using Monte Carlo
simulations, although this method requires some prior knowledge of the tissue structure and its
optical properties. In one of our recent studies on depth-resolved mapping of oxygenation during
finger occlusion, blood in a digital artery between the dermis and hypodermis did not affect the
PA signal from deeper tissue [47]. Hemoglobin is a strong light absorber, as is melanin (the major
chromophore of interest in the present study), and although one could expect that the passage
of light through these chromophores may lead to significant changes in the fluence spectrum
deeper in the tissue, spectral coloring did not appear to be a significant factor in this previous
study. The extent to which spectral coloring influences the detection of melanoma cannot be
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deduced from the present study, although we hypothesize that it may be more difficult to measure
the thickness of thicker tumors, as also suggested by Breathnach et al. [29]. In this study, for
melanomas and nevi > 1.0 mm in thickness, PA was accurate in 3 tumors and underestimated the
thickness slightly in 2 tumors.

While spectral coloring may lead to underestimation of the thickness of thicker tumors,
shrinkage of surgically excised skin lesions may lead to an overestimation of PA measured tumor
dimensions compared to histopathological measurements. It is well established that surgically
excised skin samples shrink from the in vivo to the post-formalin fixation state [48–55]. Shrinkage
occurs due to the retractile properties of skin [48,49] and possibly also due to formalin fixation
[48,50]. The shrinkage of tumor tissue has not been established, although it has been suggested
that tumor tissue may contract less than normal tissue because of a more inflexible structure [52].
In this study, PA overestimated the tumor thickness slightly for melanomas and nevi ≤ 1 mm thick.
Our results are in line with those from a study by Dauendorffer et al., who reported that formalin
caused a reduction in lesion thickness but not in lesion width [48]. Another possible explanation
of the discrepancy could be that the PA measurements represent the true thickness, but that the
histological sectioning might not have been performed exactly at the thickest part of the tumor.

4.5. Ex vivo versus in vivo, and the potential role of PA imaging in Mohs surgery

In the current study, tumors were examined ex vivo, which eliminates motion artifacts and reduces
the impact of chromophores in circulating blood. Ex vivo spectra are expected to differ from
in vivo spectra regarding hemoglobin and water content, while other chromophores, such as
melanin and collagen, are likely to be more constant. A PA imaging technique that enables
multiwavelength 3D scanning in vivo, to generate images with high spatial resolution, was
recently described by our group, where the importance of stabilization was emphasized [33].
To compensate for motion artefacts, the PA imaging data require post-processing, as recently
described in a study on the human radial artery [56]. Spectral coloring should preferably also be
corrected for using a post-processing technique [45,46]. Here, we have demonstrated two spectral
unmixing approaches that yield either chromophore-specific contrast related to the tumor, or the
classification of tissue as tumor or healthy tissue. After adaptation of the PA imaging scanning
technique to in vivo conditions, the next step would involve a larger study on melanomas of
different phenotypes and thicknesses in vivo.

In addition to developing a technique for future in vivo measurements, the ex vivo scanning
of tumors could be useful for studies on the possible role of PA imaging in intraoperative
micrographic control of surgical margins. Today, Mohs surgery is common practice for basal cell
carcinoma and squamous cell carcinoma. This involves progressive removal and histopathological
examination of thin layers of the tumor until only tumor-free tissue remains. Mohs surgery allows
the removal of a skin cancer with a very narrow surgical margin and has a lower recurrence rate
than standard excision for primary and recurrent basal cell carcinomas [57]. We recently presented
a case of basal cell carcinoma on an eyelid, in which PA examination was used during surgery,
possibly offering an alternative technique to histopathological examination for intraoperative
micrographic control of the surgical margins [58]. PA imaging could be time-saving compared
to histopathological examination of tissue during Mohs surgery, since freshly excised tissue can
be scanned with high resolution in 3D without the need for freezing or sectioning. The use
of Mohs surgery for melanoma is emerging but it is not widely used, probably due to concern
that atypical melanocytes would not be detected in frozen sections [59]. However, in two large
studies comparing Mohs surgery to wide local excision of melanomas, no difference was found
in recurrence rates [59,60], and several other studies have shown that disease-specific survival
following MMS for melanoma are comparable to or better than traditional excision [61–66].
Hence, there is clinical rationale for investigating the use of PA imaging for intraoperative
micrographic control, not only for basal cell carcinomas, but also for melanomas.
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4.6. Limitations of current study

As mentioned previously, one limitation of this study was the small number of thick tumors.
Another limitation was that most lesions were from patients with Fitzpatrick skin types I or II
[48 out of 52], and only four lesions were from patients with Fitzpatrick skin type III or higher.
It cannot be expected that the same difference in absorption spectra would have been seen in
patients with a higher melanin content in healthy skin. Patients with Fitzpatrick skin types I and
II have a higher risk of developing melanoma [67]. However, melanoma in patients with darker
skin generally presents with greater tumor thickness, higher ulceration rates, increased rates of
lymph-node-positive melanoma and a lower survival rate [68]. Future studies should include a
wider range of skin types to investigate the effects of skin pigmentation on PA imaging.

5. Conclusion

In conclusion, this study demonstrates the feasibility of PA imaging for non-invasive delineation
of the borders of pigmented lesions ex vivo. It is the most comprehensive study to date, including
52 melanomas and nevi. A detailed 3D map of the tumor borders was obtained by applying linear
spectral unmixing to the entire measured lesion in three dimensions on a pixel-by-pixel basis.
Acquiring detailed spectral information over a broad spectral range (680-970 nm) allowed several
tissue chromophores to be used in spectral analysis, providing greater contrast between tumor
and healthy tissue, and thus more accurate determination of tumor borders. The dimensions
determined with PA imaging were strongly correlated with those determined by histopathological
examination for both melanomas and nevi. Techniques to correct for spectral coloring and
movement artefacts need to be implemented, and thereafter a large clinical trial in vivo will be
required before PA imaging can be considered as a clinical diagnostic tool. PA imaging has the
potential to provide presurgical tumor dimensions to guide the complete surgical excision of
primary melanomas.
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